For many years, the potential of immunoglobulin M (IgM) antibodies was not fully understood because of characteristics different to the well-known immunoglobulin G type like low target affinity, cross reactivity and complex protein structure. In the meanwhile IgMs have been positively evaluated for their use as therapeutic agent in the mucosal environment but also in serum to eradicate upcoming tumor cells and invading antigens. Therefore IgM class of antibodies will play a significant role in clinical applications but also diagnosis in the future. To evaluate the full potential of this kind of antibody molecules large amounts of high quality product will be needed. In this review the focus is set on the biotechnological aspect of producing IgM class antibodies recombinantly in mammalian cells. Current achievements in expression and purification of this molecule are highlighted and compared.
INTRODUCTION
The immunoglobulin M (IgM) class of antibodies is known to be the first defense against various antigens. IgMs are produced by the immune system and play an important role in primary and adaptive humoral immune responses [1] . This class of antibodies tends to be less specific but recognizes a large variety of pathogenic antigens and has been proposed to be highly active in cytotoxic and cytolytic reactions due to superior activation of the complement system [2, 3] . In the field of tumor boilogy some cancer cell markers are targeted more effectively by IgMs compared to immunoglobulin G (IgG) class antibodies [4] [5] [6] [7] probably by higher avidity. A screening for antibodies isolated from cancer patients revealed that nearly all identified tumor specific antibodies belong to the IgM class [1] .
Concerning bacterial or viral pathogens, IgMs are the first immune molecules binding membrane derived epitopes [8] indicated by Horn and coworkers who reported about an IgM against Pseudomonas aeruginosa serotype O11 which facilitates pathogen clearance by complement dependent phagocytosis [9] . Additionally the IgM class might be useful as vaccine adjuvant as it acts as soluble toll-like receptors through the formation of immune complexes with the antigen [10] . Further it has been suggested to use IgMs as preventive vaccine [11] . All these properties render IgM antibodies as attractive therapeutic agent. Despite the therapeutic benefits of IgM antibodies a major technological drawback has been identified in comparison to the classical IgG molecule. Recombinant production of this immunoglobulin class is not straight forward and has not been routinely accomplished so far. In this article we will focus on recombinant production of IgM molecules. We will highlight current achievements and shortcomings of recombinant expression in the mammalian cell system as well as purification of such molecules and discuss our findings with available literature.
THE STRUCTURE OF IgM
Like other antibody molecules the IgM class consists of heavy (HC) and light chain (LC) subunit structures that are assembled into higher polymers (Figure 1) . In human serum the predominant form is the pentamer (M W ~950 kDa), which is composed by five monomers connected with a polypeptide called joining-(J) chain [12, 13] . Alternatively, hexamers (M W ~1100 kDa), (six monomers without J-chain) or monomers (M W ~170 kDa) [14] are found at rather low abundance in vivo.
The big advantage of IgMs as therapeutic agent comes from the superior mobilization of effector functions since pentameric IgMs are able to activate the complement system 100 to 1000 times better than IgG antibodies [15] . Despite monomeric IgM cannot contribute to complement activation [16] the hexameric form of IgM is even more efficient in activating complement [2, 17] but the strong reactivity of this form can lead to self-tissue destruction upon prolonged persistence in the human circulation system [18, 19] . Additionally mucosal immunity is attained by transfer of IgM through the epithelial barrier. This passage is initiated by the J-chain of the pentameric IgM which interacts with polymeric-Ig recaptors [20, 21] on the epithelial membrane. Therefore, to tap the full potential of the IgM class of antibodies large amount of high quality product (mainly the pentameric form) will be needed for pre-clinical and clinical testing.
RECOMBINANT EXPRESSION OF IgM

Antibody Productivity
A panel of mammalian cell lines is suitable for the production of biopharmaceuticals [22] exist but the main workhorses for recombinant protein production are Chinese hamster ovary (CHO) cells. They are regarded as safe host by the US Food and Drug Administration (FDA), are able to perform efficient post-translational modifications, can be cultured in serum-free suspension in large scale bioreactors and moderate specific productivity can be overcome by gene amplification [23] . In the last decades a lot of effort has been spent on improvements in media composition and in bioprocess modifications which resulted in CHO fed-batch bioprocesses for antibody production that typically have specific productivities in the range of 50 -60 pg/cell/day and volumetric titers of 1 -5 g/l [24] . These achievements are true for IgG class molecules but for more complex antibody structures like IgM none of these values have been reported. Kunert and colleagues performed a class-switch from IgG to IgM with the potent broadly neutralizing HIV-1 antibodies 4E10 [25] . This IgM was recombinantly expressed in serum containing CHO DUKX-B11 cells resulting in cell clones with a maximum specific productivity of 10 pg/cell/day compared to the IgG1 cell line which produced 15 pg/cell/day. In another study serum containing CHO-K1 and NS0 cells were compared for the expression of IgMs with different oligomerization status. The CHO-K1 cell line was used to obtain hexameric IgMs and the NS0 cells which constitutively expressed mouse J-chain were used to produce pentameric IgMs [26] . Both cell lines exhibited similar volumetric titers of 5 -10 mg/l. In 2009, Tchoudakova reported about a panel of IgMs that were recombinantly expressed in PER.C6 cells with specific productivities of about 20 pg/cell/day in a batch process. However, in fed batch mode only volumetric titers of 0.9 -2.3 g/l could be realized [27] . In contrast up to 8 g/l IgG in fed-batch or 25 g/l in perfusion bioprocesses [28] were reached under serum free conditions with appreciable cell densities (10 8 cells/ml) using PER.C6 [29] .
Recently, in our group a panel of 6 different IgM molecules was expressed in CHO DUKX-B11 cells under serum free conditions in two different expression media. The MTX amplified monoclonal cell lines exhibited specific productivities in the range of 5 -30 pg/ cell/day with volumetric titers of 10 -140 mg/l (unpublished data).
To conclude on the reviewed cell culture data the IgM molecule turns out to be the more challenging antibody class to be expressed recombinantly compared to the IgG form. However, until to date only a few reports are published that focus on recombinant IgM expression and it seems that we are now standing at the point where we were with IgG molecules 20 years ago. Regarding the explosive developments with IgG expression over the last two decades there must be still sufficient space for further improvements for production of IgM class antibodies.
Product Quality and Biological Function
Besides the request to have high antibody titer producing cell lines a major focus directs to the product quality of the expressed molecules. In terms of IgM the oligomerization status of the secreted molecule is highly important for activating the effector function adequately. To utilize the full potential as complement activator the desired IgM structure is the pentamer assembly. Kunert and colleagues expressed three potent broadly neutralizing HIV-1 antibodies namely 2F5, 2G12 [30] and 4E10 [25] that have been class-switched from IgG to IgM in CHO-DUKX-B11 cells. The IgM type of 2G12 had a significantly increased neutralization activity but this effect was not seen for 2F5 and 4E10. However 2F5 IgM in contrast to the IgG variant was able to neutralize transepithelial HIV-1 entry in vitro which proves function of IgM class for mucosal immunity. Quality of the IgMs was controlled by 3% -8% denaturing non-reducing polyacrylamide gels with the culture supernatants and a more orless pronounced fraction of monomers and in case of 4E10 HC/LC fragments were identified additionally to the pentameric fraction. Gilmour and co-workers reported on class-switching an IgG antibody targeting blood groups Kell antigens to IgM class for use as diagnostic agent to facilitate direct agglutination of red blood cells [26] . They expressed the hexameric form of this IgM in CHO-K1 and the pentameric form in NS0 cells. They analysed the oligomerization status of the purified IgM antibodies with denaturing 10% and 12% SDS-gels under reducing conditions and showed that the CHO-K1 cell line secreted only HC and LC and the NS0 cell line additionally expressed J-chains. However in a 4% nonreducing gel mainly the pentameric band and slightly hexameric and monomeric bands were visible in both cell lines suggesting that even the CHO-K1 cell line without J-chain produced mainly the pentameric form. An interesting report about recombinant IgM expression was presented by Azuma and colleagues in 2007. They recombinantly expressed an IgM that binds to ganglioside GM3 and kills GM3 positive human myeloma cells in the presence of complement. The hexameric form without J-chain and the pentameric form were expressed in CHO-DG44 cells and compared to the parental Epstein-Barr-Virus (EBV) transformed B-cell line [31] . They analysed the purified IgMs with 3.7% non-reducing gels and evaluated the band distribution by densitometry. The original B-cell line derived IgMs had 19.8% hexamers, 73.6% pentamers 3.7% tetramers and 2.9% higher molecular weight bands that were defined as aggregates. In comparison the recombinant CHO-DG44 cell line derived IgM including J-chain gene had only 4.5% hexamers, 91.5% pentamers and 4% aggregates whereas the cell line without J-chain consists of 79.2% hexamers, 9.3% pentamers, 3.5% tetramers and 6.5% aggregates. Further they could prove that the purified hexameric IgMs had a 5 -10 fold more efficient complement dependent cytotoxicity when compared to the pentameric IgMs. However using the 3.7% gel for product analytics the lowest oligomeric form that was in the separation range was the tetramer. If these cell lines had an accompanying monomeric fraction could not be resolved using this analytic method. In 2010 Tarköy and co-workers reported a different problem of an IgM against an Opolysaccharide of P. aeruginosa which was produced in a hybridoma cell line [32] . After analysing freshly prepared and frozen purified IgM preparations by size exclusion chromatography and asymmetric field-flow fractionation they found two molecular weight fractions, namely the 900 kDa pentameric IgM fraction but also an additional 1700 kDa IgM fraction. The amount of this hypothesized dipentameric IgM fraction was 10% in the frozen batch and 3% -4% in the freshly prepared batch. After separation of the di-pentameric form from the pentameric form the biological activity of both fractions was comparable. Aggregation of therapeutic molecules are problematic in course of inducing strong immunogenic reactions [33] and therefore also a relevant issue for regulatory agencies. These data suggest that product quality is influenced either by the cell type and/or the particular IgM molecule used for expression. In consistence with the literature we found different oligomerization states of individual IgM molecules that have been expressed in the same host cell line with the same expression constructs (unpublished date). In this content the importance of analytical methods for the determination of the quality of the expressed IgMs becomes evident. Most studies reviewed in this section used nonreducing 3.7% -4% gels to determine the rate of pentamer formation. How-ever the detection range of such gels is narrow and lower molecular weight fractions are not visible. Recently, Vorauer-Uhl proposed an optimized method to analyze and quantify the IgM oligomerization status using gradient gels combined with Sypro ® Ruby staining and densitometric evaluation [34] . This optimized method is capable of analyzing multimers, isoforms and fragments simultaneously in molecular range of 25 -1200 kDa.
PURIFICATION OF IgMs
Nearly three decades ago a method to purify monoclonal IgMs via isoelectric precipitation and subsequent gel chromatography was publish [35] . With this protocol a purity of 99% and a product recovery of 40% could be achieved when purifying monoclonal IgM from hybridoma supernatant. Since then the development of optimized and more efficient methods to purify IgMs with increased product recovery have evolved. In 2007 Gagnon and coworkers presented a three-step purification strategy for IgM antibody molecules at a conference on purification of biological products [36] . They used ceramic hydroxyapatite (CHT) for a first enrichment step leading to 90% purity and 79% recovery, followed by anion (AIX) and cation (CIX) exchange steps. After the last purification step the purity was 99% and the recovery rate was between 51% and 80%. Gagnon proposed in 2009 that the CHT matrix has an advantage over the classical ion exchangers (CIX and AIX) or hydrophobic interaction (HIC) and size exclusion (SEC) chromatography because a purity greater 90% can be achieved in a single step [37] . Combination of CHT and phosphate gradient elution enabled the remove of the monomeric from the pentameric IgM fraction. However higher molecular weight aggregates cannot be separated with this method. A major drawback of most of these mentioned strategies is that they focus on an individual antibody molecule for optimization of a certain purification method. Tscheliessnig and colleagues performed a two-step purificationprocedure using polyethylene glycol (PEG) precipitation followed by AIX with nine different monoclonal IgM molecules from hybridoma culture supernatant [38] . They reported that product recovery was dependent on the IgM molecule and ranged from 28% -84%, whereas the purity was greater 96% except for two IgMs where only 46% and 85% purity could be achieved. In this study the influence of genomic DNA (gDNA) contamination in the culture supernatant during the purification process was also described and purification process improvements could be achieved by initial gDNA digestion with benzonase. The phenomenon of DNA impurities in IgM preparations was also reported two years later by another group [39] . A significant amount of gDNA was identified to be complexed with the IgM molecules already in the culture supernatant. The amount of gDNA was calculated as 24% of the overall mass and this IgM:DNA complex elutes within the same retention volume as non complexed IgM in SEC. Recently a novel SEC method called steric size exclusion chromatography (SXC) was reported [40] . The principle of this method is that retention of the target molecule to the hydrophilic matrix is achieved by steric exclusion of water by PEG. Elution is facilitated by lowering the PEG concentration and results in 90% purity and 90% product recovery. Often the recovery rate is influenced by the product concentration in the culture supernatant. With low producing clones (around 20 mg/l) a recovery of only 70% could be achieved whereas high producing clones (50 -100 mg/l) performed much better. In the last years novel commercially available affinity matrices for the application with human IgMs came to market. One of these novel purification tools is the CaptureSelect ® IgM matrix that was presented at a conference in 2011 [41] . In this approach 14 kDa Llama antibody fragments that recognize the human IgM µ-chain are coupled to sepharose beads. Applying our recombinantly expressed IgM molecules we experienced a more than 95% purity using this affinity matrix (unpublished data). Nevertheless the maximum product recovery rate was between 50% -80%.
In summary, a lot of efforts have been undertaken in the last decade to improve IgM purification. Different classical purification approaches haven been combined and adapted to IgM molecules and novel strategies haven been proposed providing an increased product recovery and nearly 100% purity ( Table 1 ). However it seems that different IgM molecules behave differently so that adaption of the method to the particular molecule needs to be performed.
CONCLUDING REMARKS
Today an increasing number of newly identified target antibodies against a variety of diseases belong to the IgM class. Reports on biological function and potential use of this class of antibody therapeutics are steadily rising. Despite this fast-paced biological field the biotechnological aspect of producing these IgM antibodies is trailing behind. Evaluation of the full potential of IgM as therapeutic proteins demands large quantities of high quality product for further studies. After reviewing the available literature it is clear that the improvements gained with IgG type molecules have not been achieved with IgMs so far. Independent of the cell lines used the volumetric product titers are approximately 10-fold lower when compared to optimized IgG bioprocesses. Further it seems that the product quality in terms of the oligomerization state depends on the particular IgM molecule used for expression. This in turn challenges the purification specialists, who have to deal with heterogenic IgM fractions in culture supernatants dependent on the selected IgM molecule and the process conditions. In the future a focus should be set on structural and biochemical analysis of distinct IgM molecules to probably reveal the differences in expression and product quality. In the last years IgM class antibodies have attracted biotechnologist which is demonstrated by an increasing number of publications. To date production of IgM molecules may still be more challenging than for IgG antibodies but there is still enough space for further improvements.
